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At least one drawing originally filed was informal and the print reproduced here is taken from a later filed formal copy. 



o 

ro 
r\j 

CO 
CD 

o 

CO 

o 



CO/P£ 




/02 





//a 




/JO 




/./=>l 



/4£ 



o/ 




/?o 





/so 



/so 




'S2 



/3o 





/J2 




/£4 ^^/GJ J^- 



r 



i 





20£ 




2/2 




220 





£30 





332 



soc/#c£ 



3& 

J 30/t 



30a 



308 

L.- 



324 



3^s 



>. 7 




£04 




-27T 




7T/2 



I- 



1 /A/T£AS3/7~Y 




7T 3VT/ 2 2*r 



'c 




—i- 



I 



4> - <?/V 7T 



.<a.\ 




w 




Try 



S7 




I- Z7T-A 



10 



15 



20 



25 



30 



35 



-1- 

PAfS&E QUADRATURE PHASE DETECT^ SYSTEM FOR 
COHERENT FIBER OPTT C SYSTEMS 
Background of th» Tnv an v^ n 
Field of f-Ha invention 

» The present invention is in th a -f^i^ ^ 

n the f ield of coherent 

s^sr^r ::::r r phase — 

ln sens ing applications and 
telecommunications applications. " 

Description ^ + he ^ 

interference of two optical waves travelling in tw„ I 
Propagation paths. For eMpU , ln ^ ^ ^ 
comprising a looo of optical fiho- 4. sensors 

— « ~ r;rCf p e r in i 
v« rr opticai ° utput — - i-: s t 

vanes ln accordance wit h the rotation rate of «,« V 

upon the relative phase difference between the two optica! 
waves. The optical phase difference is a result of 1 
lasing _ed for example, by the ^^lll 
(e.g., rotation, in a sensing application, or by signal 

Z™T\ ln 3 trt ~-™*«««- application! "he 
optica! p hasa difference is further sensitive to 
environmental parameters that introduce additional phase 
differences. Thls problera is particularly ^ * J ha ~ 

Phas difference between the two interfering waves i v^ 
=!=se to an integer multiple of , (i.e., where N is 0 

A / 2, 3, etc.) ' 

above S d Veral -. aPPr ° aChaS haVS " een dSVised to ° v «=ome the 
above-described signa! fading problem. For eXMple , 

JaCkS ° n ' et al - ""-ination of drift in , single! 



stretched coiled . f ^: 2 f^f^U a- servo driven 
septs'* 81 IS 80 ' W- _ ' flber for maintaining a 

pi Loelectrically in <^drature to 

, single-mode optical fiber int cole , e t al, , 

activelY stabilize the phase bias. DemoQUl ation,» ISSE 

..synthetic-Heterodyne ^•""^ ° E . 18 , no . 4. April 
iiBM^^M-^ 52 ^:/ rt "Phase-reading, 
19S2, PP- »«-•»'' and e B ;, fim! ^ J£t l S BS, vol. 9, Ho. 8, 
.0 all-fiber-optic ^^f.^^^crTbTTystems that use 
August 1984, PP- "8 , prob i e m. Th. 

heterodyning to ^-.^^ ou t P uts fro. fiber 

Hiemeier, et al., . ojticSJEUSSS' vo1 " ' 

interferometer with 4x4 coupler —--—^ „ Fiber . 

13 »o. «. ^ directional coupler," 

optic gyroscope with C3 10 , 15 November 1980, pp. 

rli-f-i— Titers. Vol. J'- • ^ n D er.odulation of 

369-871, and David «. stow., e ^ ber _ optic passive 
Interferometric j^jaJaSBB^^ 
20 Ouadrature ^^■^^T^^^^l 

vol. W-l. ». 3 ' mature phase information 

passive devices that produce . ^ ^ stoue> 

on the optical output signa ^ SU ch 

et al., article, two «... ^ at it » minimum 

25 that When one ll f -meter is operating at its 

sensitivity. ^ ^^^ Mention provides a new 
maximum sensitivity. Tbe p ^ provlda 

^Te^rUr"! - — -the Signal fading 
quadrature phase ihj- 

30 problem. 

< M ar i _ofJ^^ 
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• propagate ^ong the fiber, a difflLtial phase shift 
• accumulates between the Boaes dua to ^ 

th«r propagation constants. man both > the " ' " " 
» U "Odes are excited with approximately equal intensity 

5 the output radiation pattern fro* the two- D ode optical 

the e ir ri : s as a function ° f toe *»~ ««■«■»• ^ 

the two D ode S . Detection of one of the upper half of the 
rad,a tl on pattern or the lower half of the radiation 

10 !hIl ern th Pr °I ideS ^ lntera0dal interference signal fro n 
10 which the differential phase shift between the optical 

waves an the LP 01 and the LP,, .odes can be determined. 

Alternately, and preferably, the two halves are 

L 1 terf r e entlally . ^'"^ *° 0bt ' ln " a mteraodal 
15 det SiSna1, TW ° -'erference signals are 

15 detected. One of the detected signals corresponds to the 
near field radiation pattern e„itted fro, the end face of 
the two-mode optical fiber and the other detected signal 
corresponds to the far field radiation pattern. i n 

20 T° -I™ ^ * ""^ ta °" n P— -ferred to as 
the "Guoy effect", a ,/ 2 differential phase shift is 

introduced between the light corresponding to the near 

Held pattern and the light corresponding to the far field 

such er thl t T" detSCted Si?nalS at «"»*»*™ 

25 t h , r. deteCtSd Sl9nal haS » lnt »» — itivity 

25 to the differential phase shift to be measured, the other 

detected signal has aaxiaua sensitivity and vice versa. 

The two quadrature phase signals, which are proportional to 

th! TJl d " f erential PhaSS SSi " ana the cosine of 

30 u^L entlal PhaSS Shl£t ' »« Processed 

30 using conventional technics to produce a non-fading 

-gnal regardless of the value of any phase bias introduce! 

£>y the environment, etc. 

^ The present invention can be advantageously used in 

35 si^aTr d eterS : ^ " n fUrth6r ^ USSd t0 

sxgnal fading ln a coherent homodyne communication system 

wxth a local oscillator operating at the sarne frequency as 

the incoming signal in a single mode fiber. m the 



A ' loc^ oscillator is 

creation ^/r^e opticav ^er -and 

coupled..*?., Shekel BOda is eliminated by a 

wanted excitation of i. coupled to the 1*1! 

mo de stripper. The ^ . BOde se iect.ve 

, m ode of the two-mode o*"* 1 in an inter-modal 

directional coupler, """"^ £iber . The output 
Aerometer in the .^^f ^ arte cted using the 

^^iro/rp^ — ion. 

0 ' , -Kho-r features or wi e 

present invention will be « which: 
p . 4 4-v, fhe drawing figures, 

connection with the a exemplary 
n is a cross-sectional view 
Figure 1 is «• 

x5 circular ==re optical fiber. = ^ 

,i,ures 2a and * ^^J m polarised and 
distribution patterns for th ^ propagatio n modes 

ncrizontally r^"**^ [ iber of rigure x. 
o£ ^ circular core optical ^ 

Figure 2c is a graph o. «. distribution 
20 distribution corresponding to the 

patterns of figures 2a and ^ 

Figures 2d. 2.. « ^.'^ TH 01 , even HE 2 l 

flE ld distribution patterns for th <• „ roodes> 

25 and odd HX 21 J^re optical fib- of 

respectively, of the 

Figure 1. elec tric field amplitude 

Fi ^ e ^ tteL'Tr second order .odes of the 

distribution patterns 
30 optical fiber of Figure 1. approximations 
Figures 3a and 3b ^ laical fiber 

t or the first order propagation modes 



of Figure 1. 
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Figured 3c, 3d, 3e and 3f Ulustrate the LP,, 
approximations for. ..the . seoond. ...order propagation nodes .£ 
the optical fiber of Figure 1. 

Figure 4 is an unsealed graph of the propagation 
constant of an optical waveguide versus the ellipticity of 
the core of the optical waveguide. 

elliptlTcore. 13 & *~ <* - exemplary 

. . Fi9Ur ! S 63 and 6b ^lustrate the electric field 
patterns for the LP 01 (fundamental) propagation .odes of 
the elliptical core optical fiber of Figure 5. 

Figure 6c is a graph of the electric field amplitude 
distribution for the L p 01 propagation mode of the 
elliptical core optical fiber of Figure 5. 

Figures 6d and 6e illustrate the electric field 
patterns for the even LP X1 propagation modes of the 
elliptical core optical fiber of Figure 5. 

F ^ re i« a graph of the electric field amplitude 
distribution for the even. LP 21 propagation modes of the 
ellxptical core optical fiber of Figure 5. 

Figures 6g and 6h illustrate the electric field 
patterns for the odd LP 12 propagation modes of the 
elliptical core optical fiber of Figure 5. 

Figure 7 illustrates an exemplary two-mode optical 

» andlp WhlCh 13 intr ° dUCed t0 Pr ™* ** *h. 

LPOl and LP 1X propagation modes. 

ti>JT^T trates a portion of -° — 

Figures 9a-9i illustrate cross sections of the 
electrical field intensity patterns taken at locations 
9a-9a, 9b-9b, etc. in Figure 8. 
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15 



™^W~W0X ^ ^L^eter. • 

propagation paths .^.^ fron the 

Figure 11 illustrates t he P inte rference 
interferometer of ^ ^ J ^ light 

between the light in the 1*01 m at phas e 

^ BOd e, showing the ^ultipl- or and further 

ai fferences ol*»J» « ^ fcU , to rad uce the signal 

showing the effect of P 

fading problem. sl onals that are in 

Figares 1. and 13 ^ ~ one signal is 

p ha se mature tte oth er signal by 

shifted in Phase with inter ference patterns 

Fi gure 1, ---f -Xo^e ottioal fiber at the 
o£ a highly ^l^J~lZ mowing the relative phase 
near field and the far f 

sh if t between the two fields. ^ ^ 

Figure IS "^"^J^ of'the present invention 
passive guadrature phas. \^° T m5 are displayed on 
serein the output ^^J^ where the intensity 
screens positioned at 1 . ^ and 4ar field 

patterns correspond to 

intensity patterns. ^ ^ adra ture phase 

Figure 16 illustrates the P e(J in the ne ar 

detector of Figure 15 output to generate 

fi eld and the far ^ '^J™ *° °* 

r™r,':-r.rA.,. - - - :r _ 

detectors in Figure IS. det ector of 

Figure IS illustrates a Ha ch-Zehnder 

toe present invention incorporated 

interferometer. 
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Figures illustrates the quadrate phase detector of 
the present Invention incorporated i.ntn a homodyne 
conununications receiver system. 

Detailed DPsnrioti on of the Pr.f.rr., r^^_ nt . 

5 The present invention utilizes an optical waveguide 

that operates at a wavelength below cutoff such that the 
waveguide supports both fundamental and second order guided 
modes The fundamental and second order guided modes 
provide two orthogonal paths through the optical waveguide 
10 wh.ch permits the device to be used as a two-channel 
optical propagation medium. The embodiments of the present 
invention utilize an optical waveguide having the geometry 
of the core selected so that only the fundamental mode and 
one stable spatial orientation of the second order is 
supported in the waveguide. 

Before discussing the specific embodiments of the 
present invention, a detailed description of the optical 
waveguide and a brief summary of the applicable mode theory 
will be presented to provide a more complete understanding 
of the invention. Although described below in connection 
with a silica glass optical fiber waveguide, one skilled in 
the art will understand that the concepts presented are 
also applicable to other optical waveguides, such as a 
LiNb0 3 optical fiber, integrated optics, or the like. 
Mode TheoT-y 

An exemplary cross section of a silica glass optical 
fiber 100 is illustrated in Figure i. The fiber 10Q 
comprises an inner core 102 and an outer cladding 104. The 
inner core 102 has a radius of r. In the exemplary fiber 
100, the core has a refractive index n co .and the cladding 
has a refractive index n cl . ' As is well known in the art, 
the core refractive index n co is greater than the cladding 
index n cl so that an optical signal propagating in the 
optical fiber 100 is well-guided. The number of modes 
guided by the optical fiber 100 depends upon the fiber 
geometry and upon the wavelength of the optical signal 
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15 



9 . ,, v th ^£velength above 

propagating ^^^T-^Z^ only . the. fundamental 

vhich..an,°ptical *f ^f^rri to - the '" Se ° 0nd ^ 
or first order mode is ref ^ cal=ulated { or a 

S^t^X «- — elation; 

2*r.fnc 0 -"cl (1) 

x 
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° ' • is areater than the 

« tt e wavelength o t the L epical signal 1. 

wavelength 1= (i.e., «» .**•«» * flrst orde r or 
less than * "toff £ "«^ jHptical signal will *» 

fundamental propagation . ode ^ propag ated by the 

^eH-Suided by the fiber and ^ less than 
fiber. If «- «-elength of an c ^ ^ ^ greater 

^e true first and second > ^ ^ tric fie ld 

core optical fiber and ^ in Fig ures 2a-2h. 

^plitude distributions a.e ^ i vertlcally polir Ued ««. 
The two first order modes are t n M in Figure 

mode represented by an electric fi repre sented 
2a , and the horizontal y polar ed ^ ^ ^ ^ 
by an electric field P*""" ^ boun dary of the core 

circle in each figure represen 

of the fiber 100 of W« • nodes have an 

is iilustrated in rigur e ^ n that is 

electric field ^j^^ the centerline of the core 
S ubstantially ^"^f^utude distribution 116 is 
5 10 2. The electric field P ^ decrease3 a s 

concentrated in the center ot the ^ . noreases . A 

- the distance from the «-*^°* ^ude distribution 

small portion of the ^'"^^ of the core. This 
XL •*« Ts cLonly referred to as the 
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The fV true second order mod^are illustrate ■ 
F^res ^g , ?he?e , f our..tru.e.. a o d es..ar, di^C^ ! 
the orientation of the transverse electric field denoted 
by the dictions of the arrows in Figures 2d-2, and a« 
> =om.only referred to as the TS 01 mode, represented ty an 
electric field pattern „„ in Figure 2d; ^ J « 

represented by an electric field pattern 122 in 

the HE 21 even mode, represented by an electric field 
pattern 124 in Kigure 2£; Md J" 

■ represented by an electric field pattern i„ in Figure " ' 
an electric field amplitude distribution 130 for 'an 
exemplary optical signal propagating in the second order 
.odes ls illustrated in Figure 2h. As illustrated, the 

elal T amPlitUdS "0 is substantial 

*W1 to zero at the centerline of the core, and has Z 
.™ amplitudes 132 and 134 near the boundary of Zl 
and ^^ir 1 illUStr " ed ' «» *» -P"tude maxima £ 

of the 7 / ° f PhaSa - rUrther ' 3 

of the electric f iel d distribution extends beyond the 

boundary of the core in the second order .odes tZ 

Each of the four true second order nodes has a 
«U*ti y different propagation velocity fro. the other o 
the four second order .odes. Thus, when one or .ore of tL 

fLVT" T" MdeS a " "-e™^* in a tvo-moL 
v rlls a T " diStribUti °" »' «» second order .ode 

varies as a function of the length of the fiber as a result 
of changes m the phase differences between the four .odes 

Istrib t - Pr ° PaSate - tional intensity 

distribution of the second order .ode chahges in response^ 

sLTJr*^ 1 ChanSSS th3t ta *~ -"^rential phasl 
shifts between the al.ost degenerate four .odes 

In order to .ore easily analyze the characteristics of 
optical signals propagating in the second order propagation 
.odes, the characteristics of Potion 

cerisrics of the modes are analyzed using 
the LP approximations for the modes defined and described 
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propagation - ^ by in , to * in 

va veguide and second modes are ^ 

wherein trie ±^ ,. nns described oy ^ ^ 

accordance with «- » ^TeT " ^ of the il— 

The outer circles x" of t he 

^ai-epreslnt the -ss section - : ~ ^ ^ 

Arrows with tne j- 

. the two 

polarization. leW patterns o£ tn 

figures 3a-3b show ^ L?01 s et of modes. . * 

polarization modes xn ^e fun ents vertically 

field pattern 140 » J^ ndaEental m ode, and a field 
polarized light »» ^ents horizontally poized 

142 in Fi9 ure 3b repE 
in the fundamental » 0 X approJtin ations for 

9 figures 3c-3f illustrate * e ^ ^ Fi?ur es 3=-3f. 
th e second order modes « ^ w lobe s for the 

^re are four Wxx q£ the B cdes, represented 

electric field distribution W- ^ ^ an ^ B ode 

by an 1*11 ^ re terred to herein as the 

pattern 1" in Figure 3d are represOTte d by 

* x even modes. The °* ar J™° " 3 e and an 1*11 «*■ 
f^Vll mode Pattern X- » „ as the l*n 

pattern 156 in rigur. «• alst inguished by the 

lodes. «- fo- »XX ~ ths orien tation of the 

Orientation of the lobe patterns rfot ve =tors, 

electric field vectors t ^ £irst „ even 

vithin the lobe patterns. For e P ^ that are 

;^e field Pa«ern 1=0 <^ 'horizontal zero electric 
Metrically tto lobes, the electric field 

f H* line 160. th * ^symmetric about the zero 

,„Uel to and antis^ TO ode 
vectors are parallel con venience , the LPn 

electric field line 160. 
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represented by the lobe pattern 150 Wll be referred - 
the, horizontally, pola.rize.d,^. even noa " « t0 " 

symmetrically located about a horizontal zerV electric 

152 the euctnc field vectors are perpendicular to and 
antisymmetric about the zero electric field Una 1<2 £ 
1*11 B=de represented by the electric field pattern 152 
Wii^e referred to as the vertically polarized' ^ ev" 

icbes^hat 1 ^ " ald PattSm 154 *- *» 

lobes that are symmetrically located about a verticallv 

"be" th Z6r : eUCtriC fiSla »"«» 
antisv™ ^ • " eld VeCt ° r " P«P«*tc-Ur to an! 

*^™ric about the zero electric field line 154, a „d 

by the^ "ir'^ h0ri2OTta11 ^ »» »11 -de represented 
by the field pattern 154 win thus be referred to as the 
horizontally polarized L Pll odd mode. 

mode T T C T° " eld P " tern " S ° f the »U odd 

velcar, 3 " e 1-ted about a 

vertically oriented zero electric field line 14 «. Hithi * 

the two lobes, the electric field vectors are parallel to 

r;:rr about *•« — ^ 

Thu S/ the LPn mode represented by the electric « 
-LiPoi patterns and the four td 

each other I " Patter " S ' ara °rth°°onal to 

perturh.7 W ° rdS ' in the of 

perturbations to the optical waveguide, there is 

TeT:T* "° COUPli " 9 ° f <*"« l from one of Z 

field patterns to any of the other field patterns. ThU s 
the si* electric field patterns may be viewed as 
independent optical paths through the optical waveguide, 
which ordinarily do not couple with each other. 
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^adding 104 of 
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W 10 2 and theWadding ^ ~ 

If the indict of the core 1* « ^ .. the . two LP 0 1 
optica ^-,>,0 -^f e : ly at Approximately t*. 
- -n travel through the fxx» second order LPil 

rr P r 0 **• - ^n: - 

X viXl travel through -e flb^ ^ , n 

™ e propagation velocity. modeS wlll be 

TPl , set of modes. J-» ith eac h other a 

will move in and out propagation 
u£ propane, through J ^ ^ to mo ve out : o* 
distance required for the two ly re f erred to as 

these by "0- (I-— 2 * Li=h may be mathematically 

S J length of the fiber, «hich 

expressed as: (2) 

x_ „ Is 

L B ^n £0 . v 

, , is the optical wavelength m 
4= the beat length, x ^ s ctive refractive 

wll ere LB « «- d . £ference ln the effectiv ^ 

* - eets of --^toUs of .odes. 

^mrsnotn that ^ 

It nas been previously sh ^ and 

„J £er between the two sets of the tions ln the 

me achieved by ^ - f ^ ot «. two .odes 
nntical fiber that match the » constructed to 

f^er of optical 7^ t ; ca r nergy between the - 
control the coupling =f =P-« £or selectlve 

^ o to provide useful devic op tical signal. 

and ^t al. »hU selective 

'see, for example. - - S °^' „ d e optical fiber-- 
evanescent modal filter f tember 1986, PP- 

» ^ • " et Tl . . components using 

isTr^rr^un g a. 1 st^t^^_ voi _ 1M# Pt . 

-periodic coupling." B^^Tc. youngouUt et al 
5 , October 1985, PP- " 7 » „ ^csjBUffia, vol. 9, No 

... fiber modal coupler, S£ ITIl ..fiber-optic 

.•Two-mode fiber m Blake, et al.. 

5 , MaY »S4. PP- X"" 179 ' J - 



S, 

40 



modal coupW using periodic microben^g, « o SSIS S^£XXBm 

LE^S vI i a r St0 "° PtlC ^ snifter,- 

HBIB5, Vol. 11, no. 6, June 1986. pp. 339-391; and^TT 
5 Blake, et al., "All-fiber acousto-optic freguency shifter 
usrng two-mode fiber," Proce^„„. -, f - rTr yol ^ 

"86. Th e present invention provides substantial 
improvement to many of those devices and provides a number 
of new devices that utilize coupling between the modes to 
10 further control an optical signal. 

Although the four lp 1x modas provide four 0 „ al 

Pr ° Pa9 " i0n «* -ergy through an 

optical fiber or other waveguide, it has often been found 
to be difficult to fully utilize the four channels 
15 independently. As set forth above, the n0 des ar 

approximations of real modes and are nearly degenerate in a 

senTuveT """T- ^ ^ ^ V ^ 

sensitive to couplings caused by perturbations in the 

20 stress ng. rurthermore, since the modes ara only „ 

approbation of the real modes, there will be a slight 
amount of coupling even in the absence of perturbations of 

T» * d 10 \ rSSUlt iS that thS Potion Of 

25 stable" T*i Patter " in a 9iven - «* 

stable. in like manner, the electric field patterns of the 

two LP ol polarization modes are likewise unstable. 

It has been previously shown that the use of an 

elliptical core cross section in an optical fiber or other 

waveguide can introduce birefringence and separate the 

30 propagation constants for the two poiarizations of the ^ 

first order mode. The separation of the propagation 

- constants locks the polarization of the signal to a 

principle axis of the core cross section. It has also been 

shown that an eUiptical core also increases the separation 

35 between the propagation constants of the LP,, mode 

patterns. This tends to enhance modal stability. This is 

illustrated in Figure 4 which is an unsealed representation 



# t , versus the ■iptioity of the 

o£ the propagat'lln " M . .mustrated. the. »91- 

core * - f^T pr opagation constant than the 

propagation mode has a larger _ ^ """"^ 

LPll propagation mode. From ^ ^ bea t length 

in the .^^r^^- — " £OUOVS: 
L B between the LP 01 ^ 




25 



in the propagation constants 

:rren g t;"t«een the «ol ^™ ^on - Figure «• 
A s illustrated m «» J^* is substantially 

Mhen the core of the „£, substantially 

circular, the LPll odd and _ ^ ^ =ore 0 £ 

th e same propagation ~" t £ t " iptical , the propagation 
the optical waveguide is ara di££e rent. 

instants of the odd and even ^ 
This is iH-trated by the prop g ^ ulustrat ed, the 

^ in the right ^J^stants o£ the odd and even 

di£ ference in the P*°°« a "° n the elli pticity increases. 

modes W U. opt ical fiber has been 

Tn e use of an elliptic degeneracy of the 

suggested as a means of avox° g ^ ^ f 

orthogonal lobe orientations at ^ acoust o-optlc 

example. «• Bla*e. £iber ,« ^s^S^- 

, frequency shifter using two 

SHE, Vol. 719. 1936 - ,„ tne propagation constants 

^he foregoing ^d even LPn modes when 

between the LPoi " d .^ r °^ elliptical, also results 

the core of the °* tlCa \f en ,th and the corresponding 
lS in a change in the cutoff waveleng ^ ^ 

" cutoff frequency. For *~£'J°l iMM to the radius of 
• fiber, the cutoff £ E ^ at ion (1, above. Thus, 

the fiber core, as set forth _ ir ^ orQer 
optical signals having wavelength ^ below the 
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ro ode cutoff wavelength X c (x. 



t 
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second ordePmode cutoff frequency, Mk not propagate in 
the secopa order or higher mode,, .in . the. .optical fiber. 
Optical signals having wavelengths less than the cutoff 
wavelength A c will propagate in the second order modes if 
the wavelength is further educed to a wavelength A c2 , ^ird 
order and higher modes will be supported by the optical 
waveguxde For a circular core optical waveguide, x c2 can 
be found by the following equation: 



2*rjn 2 -n 2 

15 a co cl 

<=2 3.832 (4) 

where r, n co and n cl are as set forth above for Equation 
(1). One skilled in the art will understand that the 
to regomg can also be represented by cutoff frequencies 

20 For example, the first cutoff wavelength > c corresponds to 
a first cutoff frequency f c , and the second cutoff 
wavelength x c2 corresponds to a second cutoff frequency f c , 
that xs greater than the first cutoff frequency ff 
Specifically, for the circular core optical waveguide if 

25 the fxrst cutoff frequency f c is normalized to 2.405 'the 
second cutoff frequency f c2 will be normalized to 3 ' 832 
in other words, the second cutoff frequency will be 1 59 
times greater than the first cutoff frequency (e.g 

30 h fc2 < fc = 3 - 832 / 2 - 405 = ^5 9) . Th » s , an optical 

30 having a normalized frequency less than 2.405 will 
propagate in the optical waveguide only „ the LP 01 mode. 
An optical signal having a normalized frequency in the 
range of 2.405 to 3.832 will also propagate in the second 
order LP^ mode. An optical signal having a normalized 

35 frequency greater than 3.832 will propagate in higher order 
modes . 



40 



The foregoing relationships also apply when the core 
of the optical waveguide is elliptical or has some other 
non-circular geometry. For example, Allan W. Snyder and 
Xue-Heng Zheng, in "Optical Fibers of Arbitrary cross- 

SeCti ° ns ' M Journal " f ™« — «« tv ^ y 

Vol. 3, No. 5, May 1986, pp. 600-609, set forth the 
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• for a number of di.mr.nt waveguide 
normalization factors for a n va^^xde, 
cro ss. sections, ^%*f£ length of minor 

having a major axis £re quency «o »* ^ 

axls , will have a ^f same leng th as the diameter of 

when th e minor axis bu ^ the f ^ of ^ S am* 

a corresponding circular core V ^ toe 

na terial construction ^ f ^ ordet LPo , 

normalized frequency of 1.88 .. ^ suggest 

modes will propagate. 

have a normalized cu o 
tha t the ^11 ev- mode ^ ^ ^ ^ wlll hava . 

frequency of 2.5"=. 

normalized cutoff frequency of ^ fQregoing oon cept for 
Snyder and Zheng ^eral^ ^ varying ratlos 

an elliptical cere J^f J^is an d the length of the 
between the length of the m 

ma jor axis as follows: (5a) 

_ x 916 (l + 3(b/a,^V2 (5b) 
f C 2even • (5c) 
- , dd - 1-916 (3+Cb/a) 2 ) 172 - 

Lli-d cutoff fre« for tb. -01 
is the normaiizeu ^ only m tne 

where f c 1S ^" . onera v will propagate onx* 

m ode, below which optica, Qptlcal fib er, where 
LPol mode in the ^^ ott £r equency for optical 
fo^even U the eve „ .ode, below which 

energy propagating in the 11 ^ ^ even BOde 

optical energy «iU * r °^ a " ° an d where f c2 odd i« 
b ut not in the l*u «** ^ odd m ode. below 

normalized cutoff ^^/"t in «e LPn odd mode as 
vhich optical energy will propa, of ^ 

V ell as the »u ^ "tt'^ length of the miner axis of 
order modes; b is one t h alf the length of the 

the elliptical core; and a i Equatio ns (5a) , (5b) 

maj or axis of the elliptical ^ core £ core flD er 

and <5C, can be evaluated for an ^ ^ axi 

having a major ^"^f^ f re quencies 1.839, 2.505 

!ength 2b to obtain^ t^«-^ (5a) , (5b) and (5=) 

^ , S et forth above. ^4 

40 and 3.426, set 
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can be further evaluated for b . a ^ e for , • 
core, to. obtain. the. LP 01 .. cutoff 'J^.l IT" 

«11 -toff freguency of ,., M for both th e ^ a„a e 
modes, as set forth above. SVen 
5 The foregoing properties of the ellint^., 

optical waveguide are advantageously utUized n T 
present invention to i mpr ove the operating chaste Lt^ 

» orientate for J^.^ 
order .ode. Ihi s is illustrated in Fig u re s 5 an d 6 a- 6 g 

.avinrre.L^re f« tTT ^ '» 

204 The • surrounding cladding 

* The dimensions of the eliin^,- a i 

- elected so that the cutoff wavelet 1" f^Jil Z 

IT. IZ 0 ?^ Patt ™ «* «» ™ order J I 

re well separated. An optical signal is applied to th. 

a v e i z ; ithin a f ~ ~~ ---tt 

.0 cutoff f e^en " .T^ ^ *" * «» 

^ Ilcy r c2odd- For example in ~ 

optica! fiber having . flrst cutof f^ gutncy f 

noraalised to l.s 89 , an d a second freely fV r 

».«5. the frequency of the input o^ica! ?' 
seated to have a noraali Z ed frequency in th« 

25 1.889 to 2.505. Thus a liahf ° f 

substantias all o/L^ ^ * ^ 
has a nor.ali.ed freguency that is substantially tsi ^ 

produced bv th« n„>,k _ t light 

«.»»■ „, I haS ° ne or moIe ^velengths 

that are greater than the second cutoff wavelength ie , 

» ana wherein a substantia! portion of the light has u~ 
one wavelength that is !ess than the first cutoff 
wavelength , c . Ih us, the light entering the o P cal " 
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" „ w in eitlie r thirst order LPol 

is caused to propane only - e ^ ox the 

mode pr.the.^l.-^^-J^ ^ ^ the cutoff 
op tical signal £ ^ subst antially no light 

wavelength for the LPll 

propagates in the LPll Figures 6a-6g. m 

T „e foregoing is illu.tr. . £or the LP 0 1 

Fi gures 6a and 6b. «- two p = " ^ 

first order mode are ^ electric field for 

pattern 210 in Figure 6a *^ese ^ 
^e vertically presents the electric field for 

pattern 21 2 in Figure 6b one skilled in the 
the horizontally ^"f Jf^a! fiber 200 (Figure 5> 
art will understand that ^ the p ^ ^ ^ the 

ls birefringent for the fixst ^ pr opa,ate at a 

horizontally polarized polar ized LP 0 1 

gr eater velocity than ^J^^tion 214 for the LP 0 1 
I electric field « ll *^J^ 4 in Pigure Sc. As 
propagation modes is 11 amp iitude distribution 214 

illustrated, the electri ^ J plitud e distribution lie 
, is similar to the *^j£\ or l fib er and has a pea* 
in Figure 2b. for a oircula of ^ oor e 203 

amp litude 216 P*"""* "lustrates the LPll «•» modes for 
Figures 6d and 6e illu.tr ^ illustrated in Figures 
the elliptical core fiber 2 ■ polarized even mode 

, 5 6 d and 6e, respectively. . vert ^.^^ polarilW 
• electric field ^"/"l 222 are both well-guided 
even mode electric field patte ^ ^ Figure 6f , the 

by the optical fiber 200. As * _ £ield amp litude 

Wll even modes have an . ^ ^ a first 

30 distribution, represented by * cu ^ ^ that 

" maxima 226 proximate to one an opposite boundary 

.. has a second maxima 223 Baxima 22 6 and the 

of the core, and phase. 

second maxima 228 are 130 out P Resented by an 

,he LPll odd t.Xar aticn ^ ^ ^ 
electric f ieXd pattern 230 ( ^ by an electric 

horizontal polarization mode, rep 
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field pattWn 2 3 2 (Figure 6g)< are ^ ot d 
. optical fiber.. ..aoo. .when., the.optical. wavelength is selected 

1 cotter SeC ° nd CUt °" " aVelen9th ^-ven. Thus! 

5 ^ ,T ener9Y " 4116 "11 «*> ». represents by 

5 the field patterns 230 and 2 3 2 , „iu not propagate. y 

rather than providing four degenerate optical communication 
channels, such as provided by a circular cor, waveguide or 
a slightly elliptical core waveguide, the highly elliptical 
core 202 of the optical fiber 20 o provides only two 
10 mode propagation channels and two even -ode 

propagation channels. Furthermore, the communication 
channels are well-defined and stable, and, in the absence 
of a perturbation in the optical fiber 2 oo, there is no 
coupling between any of the four channels. Therefore, an 
15 optical signal can be launched in the second order J" 
■node, and it will propagate only in the LP 1X even Mode. It 
is not necessary to avoid exciting the odd lobe patterns of 
the second order X,P X1 mode because optical energy i„ th ose 
lobe patterns will „ ot propagate. Furthermore, optical 
20 energy w U l not be coupled to the odd lobe patterns 

Because of the stability of the electric field 
intensity patterns of the LP 01 mode and the rp ll even 
-des, the performances of fiber optic devices previously 
developed to utilise the second order L Pll mode will be 

fc ^ ' SPe0 " iC eXMPl6S ° f deVices utilizing the 
h^hly elliptical core waveguide will be set forth 
hereinafter. ™ 

Description of th s , r nt Tnv . n< . t „. 

4,741,586, that when a two-node optical • fiber having a 
.. highly elliptical core is excited with an optical signa! 
having a wavelength selected to excite only the L p 01 mode 
and the even lobe patterns of the LP X1 B ode, and when the 
optical signal is applied to the optical fiber such that 
>5 approximately equal intensities of light are introduced 
into the LP 01 mod e and the LP 1X even mode, a periodic 



^ • tensity distribution is 

created . along I****- •«^*» / tuo _ mo de ' optical fiber 

iUustrated in Figure 7, % Q , and a n output end 

300 having an input end portion ^ 
portion 30S is positioned ^ with P ^ ^ ^ 

prosit « * laSer t es 19 an ^T«l i»P«* ^ "* 
source 320 generates an p waveleng th selected 

(represented by an arrow 324, even moae of the 

I excite the »oi ^ ^ ^ LPll odd mode, as 
optical fiber 300 ^Z^ ^on 30, is positioned 
discussed above. The 4 trom the source 320 is 

so that the optical input signal lnto the „ ol 

produced in «*.*«t-l£ egual ■ ui ^ For 

nod e and the »u even mode of «> £lber 30o can „e 

example, the centerline of the - signal 324 

o«set fro, the center! - = £ * OTOf the light intensity 
t provide tb.e desired disLriw^^ 

Introduced into the optical fiber ^300. ^ ^ ^ 

xn optical output signal ja - represe „ted by an 

0 end 303 of the optical ^ o£ the optical fiber 
arrow 323. The output end P°rt>. . sor een 332 so that the 
300 is positioned * can oe observed 

output intensity of the ^ ^ position ed 

Alternatively, the (not shown, so that 

25 proximate to one or ^ _ ^ to an 

the output intensity 

electrical output signal. propagate in the 

The two spatial propagation >» ies to create 

optical fiber 300 with different intensl ty 
30 . periodic pattern in * in ^e 8 and in 

distribution. This is ill s a portio n of the 

figures 9a-9i, where Figure . , _r P represe nt cross 

optical fiber 300, and Figu butio „ patterns at 

sections of the optical intensity ^ ^ 

35 tne locations Sa- 9 a, ^ toe intensity 

9a _ 9i , the presence of optl ons o£ 

distribution is represented by 
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intensity # ternS/ ^ the absence • optical 
xllustrated .by. the., light portipns. pf the patterns. Figures 
9a 9c, 9e, 9g and 9i illustrate the highly asymmetric 
intensity distributions that occur at locations where the 
Phase difference between the two modes is N., and most of 
the optical power is concentrated in one-half of the 
ellxptical core. For example, Figure 9a illustrates the 
intensity distribution when the phase difference is 



(i.e., o*); Figure 9c illustrates 
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lo „Uf -k*. *c illustrates the intensity 

10 distribution when the phase difference is „ , and Figure J 
illustrates the intensity distribution when the phase 
difference is 2,. When the phase difference is (N+l/2), 
the intensity distribution is symmetric. Figure 9b 
illustrates the symmetric intensity distribution when the 
15 phase difference is „ /2 , and Figure 9d illustrates the 
symmetric intensity distribution when the phase difference 
xs 3x/2. As illustrated in Figure 8 and in Figures 9a-9i 
the mode intensity patterns are periodic and repeat every 
beat length L B along the length of the optical fiber 3 02 
20 The foregoing phenomenon is the result of the 

accumulation of a differential phase shift , between the 
two spatial propagation modes due to the difference in the 
propagation constants of the two modes. The light emitted 
from the output end portion 3 08 of the optical fiber 3 00 
provides an output radiation pattern that is resoonsive to 
the total accumulated differential phase shift in the 
optical fiber 300 between the input end portion 304 and the 
output end portion 308. The output radiation pattern can 
be observed on the screen 332 to determine the accumulated 
differential phase shift between the two modes from the 
input end portion 304 to - the output end portion 308. 
- Alternatively, as will be discussed below, the upper half 
lower half, or both halves of the output radiation pattern 
can be detected by photodetectors to determine the 
35 differential phase shift. 

An optical fiber in which the LP 01 mode and the LP 1X 
even mode are propagating as discussed above can be 



fa* interferomfir. See, for • 

Pibers for °; p . „,-„!. -herein two-mode 

fiber interferometers an 9 two - m ode fiber 

are described. patent 
interferometer ar ae s=ribed in tJ.S. Fa 

~\r"ssrsr-~— - - - 

abandoned.' . 10 , a n exemplary two-mode 

xs illustrated m F1 ^:.^ s ' a ligh t source 402 that 
fib er interferometer 400 repras ented by an 

provides an output optical «, ^ ^ of a firs t 

arrou 404, that is coupled to «n P ^ slngle - m ode 
single-mode optical fiber 403. ^ fiber 

:;:icai «• ; M ? Brie«y, **. »««t 

at 2 using a 

first oris- nter of t * e firs, 

splice 416 1. constructed so that . ^ ^ ^ of 

. f ing le-mode optical fiber 40. « ce 416 . Thus , 

' V two-mode optical fiber 41. at ^ f ^ s ofle 
Xi,ht propazin, m ^"^^ into the ^^two- 
optical fiber 408 relative positions of the 
m ode optica! fiber 412. *» adjustea so ^at the 

- — s ;irr r^r-of «- — — fiber 

Xwirrtantially e.al intensities. ^ ^ ^ 
A second offset ^ optical fiber 424 

optical fiber 412 to a second . .»* ^ ^ ^ ^ 
3 0 such that U** f- «- fl ber 412 _are couple 



sucli tnat — ««tical fiber 

m ode of tli. two-Bode optica ^ ^ ^ 

substantially equally *nto «* 01^ single _ m0 de 
single-»ode optical fiber 424^ ^ ^ whicll an 

op tical fi- -^rj^itted, as represented by an 

optical output signal 428 



35 

arrow 428 
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A de^or 432 is positioned p^mate to the output 
^..« i ,f..the.secoM. s i„ g ie-,odeI ical fiber 4 24 lo 

432 x. advantageously a photodetector that provides an 
electrical output signal on an electrical signal l ine 436 
that varxes xn accordance with the intensity of the light 
mcxdent on the detector 432. 

onti Ught Pr ° pa * atin 9 in «cond single-mode 

optical f ib er 424 comprises light combined from the LP 01 
»ode and the LP lx mode of the two-mode optical fiber 412 
the emitted light from the output end 428 incident on the 
detector 432 will have an intensity that is responsive to 
the relatxve differential phase shifts of the light in the 
two propagation modes of the two-mode optical fiber 412 
The two-mode optical fiber 412 operates as a sensing region 

4° S0 T . interfer0aeter iS a parameter 

450 to be sensed, represented by an arrow 450 in Figure io 



- * w w 4.il X 

stlin I ParaMt - *° b * be an axial 

.tain, a temperature change, acoustic pressure, or the 

L\r , the parameter 450 is appiied *» «» t»-oSr 

optical fiber 412, the propagation characteristics of the 

IZT^r'T, flber *** ^^^^ The ^urhation 
causes the relative phase shifts of the light in the two 

Bodes to change and causes variations in the intensity of 
the emitted light incident on the detector 432 that in turn 
cause corresponding changes in the electrical output signal 
on the line 436. By monitoring the electrical output 
signal on the line 436, the parameter can be monitored 

It is veil known that the detection of small changes 

upon" "IT 63 r rMater 8PPUed t0 an int *«—ter 
upon the phase bias between the two -signals in the 

interferometer. This is illustrated in Flgur e u. „ h i ch ls 

di« V ° PtiCal ° UtPUt intens "y * versus the 

differential phase shift , between the two optical signals, 

which, m the interferometer 400 of Figure 10, are the LP 01 

-ode and the L Pll mode signals. A s illustrated, t£ 

optical output intensity I versus the differential phase 
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When the 

differential^ 71 2 . ' -1. 0, 1, » 

S';- (i.e.. * - * £ ~ % u a ma xxmum as indicated at 

optical -tput inten^T ^ ^ pha se shift , _xs 

504, 50S and 512. wn , 2H -1)« lor " " 

an odd multiple of . Cl— ♦ « lty x is a minimum 

...), the optical output ^ ^ that 

as illustrated at 520, 524 an. 523 ^ ^ or an 

! the differential phase shift 4 » hlghly 
t» Multiple of ^f^Urential phase 

Insensitive to small chances xn «* in th 

shift ♦ and thus -^ e u change in the differential 
parameter being sensed. * ™ snall change xn the 

Phase shift 4 causes a jorresp ^ 
'output intensity X «^ ^ of the co sine function 
^rthermore. because of tt^J- lntensities . a chance xn 
ahout the minimum and maxx.ua , ^ ^ differential 

output intensity caused by an x ^ output 

phase Shift , U -"el" - ~ ^ ^ 
intensity caused by 

shi« A . „ „roblem illustrated in Figure 11 

Tb e signal fading * r ° blOT is at od d multiples of 
does not occur when the Phase -a ^ 

„ /2 (e.g.. - 3 ' /2 ' ;\; 2 ' by In offset in the aifferentxa 
illustrated in Figure 11 by ^ proximately 

phase shift by an amount 500 . It can be seen 

L a bias point 530 on the fun ^ I is at 

that at the bias point 530 J*e J ^ 
neither a minimum « V^^,, 50 0 at the bias point 
intensity I ^lf -y ^etveen the, maximum 50. and 

530 is approximately half «Y ial p hase shift * 

^ minimum 524. *en the dif u r 

increases from the bias point 5 - intensity z , and 

detectable as a decrease int ^ decre ase 

W hen the differential Phase ^ft . ^ ^ ^ output 

is readily detectable 
intensity I. 
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Altho^ the sensitivity of an ^Uterometer can h» 

v ~ ectAng a phase bi ^-«. i«ustTato d ^: 

Phase biu * BIAS i n Figure „ ^ ^ itself"! 

sensitive to environmental palters, such as temperature 
• =r the li k e. Thus, the interferometer is subject to signal 
fading That is, the phase Mas drifts away fro* ^ 
sensitive portion of the function midway between a minima 
and a maximum and towards a minimum or a maximum. » ™ 
forth in the background of the invention, several 

fading such as actively stabilizing the phase bias 
heterodyning, and using a passive device that product 
quadrature phase information. The present inventioT 
descried in detail hereinafter, is a passive syste^ Zt 
overco.es the signal fading problem by providing two 

a novel VT P»— information using 

a novel technique, y 

The use of quadrature phase information is illustrated 

the phateV 2 "* - 
phas e P irfol 2 ;-" dlSCUSSSd ab ° Ve ' SySt ^ USin ' »—t»» 

with each Tt S tV '° ° UtPUt £i9nalS " 

with each other. For example, Figure 12 illustrates a 

cosmusoidal function SCO that represents a first s^al 

responsive to the differential phase shift \2H 

Figure 13 illustrates a sinusoida! function « 10 tha" 

represents a second signal responsive to the differential 

the f^st Signal represented by the cosinusoidal function 

«o'i. *°* a SSan that Whe " thS Action 
600 is at a maximum or minimum corresponding to a phase 
difference , where the first signal is least sensitive I 
changes i„ the differential phase difference 4 , thl 
sinusoidal function S10 represents a phase difference , 

Is a I 6 S8nSltiVity t0 Cha "^ m the phase difference \ 
is a maximum. similarly, when the second signal is least 
sensitive to changes in the differential phase difference 
as represented by a minimum or a maximum of the sinusoidal 
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A 2 st sen^^-ve to changes 
^ion .1.. ^^^^Zmm...^ By... using. . the 

in th.^i«fi^^.-^*^ combination with the 

c osinusoidal funct-n ^ phase shift * can 

sinusoidal function 610 the Ml manner Known to 

be readily evaluated » « ^ example , Dav id «- 

ttcs. skilled in the art- ( inter£eroTnetr ic sensors 

st owe, et al.. """f^Tv. Quadrature Demodulator - 
•„« a Fiber-optic Passive No# 3< 

September 1983, PP- 519-523.) new sys tem for generating 
» present invention is ne ^^r, an a the 
quadrature output sisals in * the iittle Known 

S». The present invents utll alscove red 
Phenomenon called «- ^ Basically, -oy-s 

Lperimentally by ^ * is that an optical beam with any 

description of the effect is J* an extra un- 

reasonably simple cross -«*"^ W in passing through a 

cycle (i.e., WO' or „> of phase s 

£ ocal region of the beam. See ^ Valley , 

"IASERS ," University Scienc 682 -685 
Siegman, I*sbK»r ,,_ 5 chapter 17, PP- 

California, ISBH 0-935702 11 5, 

< 1986> • . discovered that the phase shift that 

xppiicants have discover ^ fca used in 

difference between the two . modes. ^ Guoy effect 

A s set forth in the Siegman ref ^ 

produces an additional baan „aist. The 

passing through a focal «gi ^ ^ f tom lt£ 
Gaussian -odes (TEMim) of aje 

beam waist can be express jaai+ylV ( l+~+M ■> (z> 1 ) C«) 

Elm (x,y,z) - Mml*'*- 

35 
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where A lia ^r, 2 ) is the ^n^. jfl) 

< , , . ^ntuae, J<^K the wavenumber an^ 

the beam waist is at z+o jk z \ r » . uxnoer ' and 

u< Htz > an< * n(z) arp. given, by: 

= 2(1 + 2 2 /2 2j ' ^ 

■»(*> - tan-^z/z^ (g) 

TEMqo mode at z=o, at which the optical field amplitude is 

sho"b C ° mPared t0 ^ ValUS at itS 

should be noted that the value of , ( „ becomes , /2 when 

z»z 0 leadxng to differential phase shifts of w/2 be Je" 

10 Gaussian modes having -a difference of i between tL" 

:rr ur: 0 ^ t r s a 

the ^ Eode * /^L^ ^e ^ 

has a value of m+i=i u ^"lO 

15 th - i Vlng 3 differen « °f 1 between 

15 the two values of m+1 ) tMc ^ 611 

shift provides a rei'iL ^ dependent Phase 

J reliable way of obtaining quadrature 

t ; at ^rLi nforaation in int — i° sys T eHS „t 

usL ? t Propagating away from a beam waist are 

used as two arms of an interferometer. 
" ™e foregoing is iUustrated in Figure 14 for an 

632 and an output end 634. A light source 636 generates an 
opt.oax i„p Ut signal 638 thst is appued ^ J n-tes an 

25 " 2 T li3ht *» 'he optical fiber 630 in 

1 t 01 W " SP3tlal ™*«°n modes to tne^ 

output end 634 where it is radiated as a beam 64 0. L 

prev.ously discussed, the two guided spatial modes (t £ 

« oi «r,r LPi1 moaes> in a 

io gL f " ' bS 3CCUra tely =PP« X i,ated as the 

" Leal m d "? " 4 ° £ ° PtiCal " bSr "° Prides a" 

ideal medium for implementing the »/2 Guoy phase shift for 

quadrature phase detection. Th9 output end 634 represents 

the waist or the foca! point of the beam 640, and as the 

"° deS radlate 3Way fr ° B "» ° ut P ut — "4, a 
«/2 Phase deference is introduced between the two modes in 
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# «e=t furthe^lustrated in ■ 

accordance with tW <^ e«*= t - „ at . the.outpu* 

portion ««. the the Wol mode portxon. The 

difference ♦ «!* r-^ ^ ^ provlde . composxte 

two mode portions are ra diation pattern 

Uation P—;^., -n the 
table in Fi9« e 14 " * tha two modes of the 1x9" 
!hase difference between the tw to 21t „, 

p r P a^tin g through the "^^^ light in the 
U near -field radiatxon pattern ^ ^ . 

*s illustrated by a P 4 f ttie 

s : - dUace «.«\rr/."S.^^-- is 

£xcal fiber ,30. Lcordance vith - 

"ret"/:: » -jtzrjrz. 

Tsf the tight is distributed between the 

10 bes of the radiation pattern. ^ ^ phase 

wnen the ixght a. » the modes, as 

ai fference * of '^^"^he light at the far field 
illustrated by a pattern 654 the g ^ two 

, nave a phase difference of (2 simila rly, when 

wxll have e- pattern 656. 

modes, as illustrated b * a P a pnase difference * of 
the light at the near fxeld has P fey . patt em 

fhe light at the far roo des, as 

'« r a £*T-- «- »** - 

illustrated by a P-«« ference of ^tween 

the near field has a phase dl ^ tha Il9n t 

. .odes, as illustrated by a P between 
the two modes, a difference of 2(»*xi 

at the far field has a phase « ^ ^ lt 

th e two modes, as U*^**. ^ of the light at 
can be seen that the ^adrature with the 

the near field will at the far field- The 

interference patterns , of the J , ^ relatlonsh xp 

invention -scribed herexnafter ^ ^ patterns to 
between the near fieia 
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■ obtain a p« of optical output signal phase guadrature 
from an interferometor. ' 

As illustrated in Figure 14, the near field radiation 
pattern occurs directly at the output end 634 of the two- 
mode optical fiber 63 o. A detector (not shown) can be 
portioned directly on the output end 634 of the two-mode 
optical fiber 630 to receive the light emitted from either 
the upper lobe or the lower lobe of the near field 

10 positioned to receive the far field radiation pattern. In 
a preferred embodiment of the present invention, a detector 
is not positioned directly on the output end 634. Bather 
both detectors are displaced from the output end 634 ' 
Figure 15 illustrates a preferred system for obtaining the 
two Signals in phase quadrature utilizing the Guoy effect 
A two-mode optical fiber 700 having a highly elliptical 
core has a first end 702 that is positioned proximate to 
the output of a light source 704 so that an optical signal 
706 from the light source 704 is caused to propagate in the 
two-mode optical fiber 700. For example, the two-mode 
optical fiber 700 is advantageously a fiber available from 
Polaroid corporation that has a core with a major axis 
length of 4.1 microns and a minor axis length of 2 2 
microns. The optical fiber 700 has an LP^ mode cutoff 
wavelength of 633 nanometers. The ii ght source 704 is 
advantageously an Ar-ion laser operating at a wavelength of 
514.5 nanometers. 

The optica! signal 706 fro* the light source 704 is 
introduced into the optical fiber 700 -so that the light 
propagates in the lp 01 ffiode and the „ 
substantially egual intensities. This is accomplished, for 
example, by offsetting the center of the input end 702 with 
respect to the output of the light source 704 in a 
conventional manner. 

The two-mode optical fiber 700 has an output end 710 
that provides an output signal 712. The output end 710 is 
positioned proximate to a converging lens 7l 4/ such as a 



^iective. The output^gnal 712 is. 

20X microscope ^bjeotx first, beam. 

converged, by„ 7M. ^^ entlonal be am splitter 

720 and a second beam 722 by ltioned ' at the waist 

72 4. A first imaging lens 730 i ^ Qf 
o£ the first beam 720 to image the n ^ 
the first beam onto a firs ^ ^ beam 722 

le ns 740 is P~*^ » * e L oona be am 722 to image the 

far away from the „ 2 onto a second 

far field pattern of the secon ^ 

screen 742. The si*e « the positloni n, the 

onto the second screen 742 " ' spli tter 
second imaging lens 740 with respect 

72 4 and the second screen 742 . ^ ^ ^ u 

A short section of ttt ^ ^ ^ „ ary 

stretched to vary the the LPol -d. and 

the accumulated phase differen ^ ^ anfl 

the X-xx -de. The P»«-s ^e ^ ^ 

the second screen 742 ° bserv accumulated phase 

700 will in — tonce " election with Figure 14. 

, di£ feren=e as "^^J? » «» 
It can be shown that the J ^ at 

first screen 732 £iber 70 0. and the 

the output end 710 ^ corresp0 ^s 

interference pattern on a „ crlbed above. Thus, the 

s to the far field F**""^ t w C -ee- ~ * 

interference patterns on the tw 

phase quadrature. difference between the two 

^ baSlS bXderstood by referring first 

interference patterns can ibei 700 . The phase 

30 to the output end 710 of the optica! ^f ^ ^ ^ 

di fferen=e between the two modes ^at th ^ ^ ^ ^ ^ 
.. have a value of ♦ am- J interference pattern on 

b e Known in order to t o the interference 

the first scree n 732 ^ interfer ence 

35 pattern at the output end 7 corresoond s to the far 

pattern on the second screen 
field pattern. 
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As il; ^rated in Figure 15, th^onverging lens 714 
is positioned sufficiently far away f rSST the output end 710 
of the optical fiber 700 such that it is in the far field 
region of the light. Thus, in accordance with the Guoy 
effect, the phase difference between the two modes 
accumulates an additional */2 phase difference as the light 
propagates from the output end 710 to the converging lens 
714. The light at the converging lens 714 will therefore 
have a phase difference of rf 0 UT+*/2 between the two modes. 

The light passing through the converging lens 714 
begins to converge. The portion of the light forming the 
second beam 722 following the beam splitter 724 has a first 
waist 750 following which it diverges as it propagates to 
the second imaging lens 740, which is positioned 
sufficiently far from the waist 750 so as to be in the far 
field region of the light with respect to the waist 750. 
As the light in the second beam 722 propagates from the far 
field region at the converging lens 714 to the waist 750, 
an additional n/2 phase difference accumulates between the 
two modes in accordance with the Guoy effect. Furthermore, 
as the light in the second beam 722 propagates from the 
first waist 750 to the second imaging lens 740, an 
additional */2 phase difference accumulates, for a total 
additional phase difference of * accumulating as the light 
propagates between the converging lens 714 and the second 
imaging lens 740. Finally, as the light in the second beam 
722 propagates from the second imaging lens 740 to the 
second screen 742, it first converges to form a second 
waist 752 and then diverges to a form, a far field pattern 
on the second screen 742. The light in the two modes 
accumulates an additional */2 phase difference between the 
second imaging lens and the second waist 752 and an 
additional *-/2 phase difference between the second waist 
752 and the second screen 742. The total additional 
accumulated phase difference between the output end 710 and 
the second screen 740 is */2+2* , which is equivalent to 
t/2. Thus, the interference pattern formed on the second 
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the same 



wiT' represent ♦ 0 UT*«/ 2 ' ^ ™ ~° 

screen 740 will repr tte .two modes - as the 

sr^.^"^ ~r* region li " e " at 

the location of the £ . ™ ^ ^ output end 71 „ 
„ow following the optical p ^ ^ ^ 

of t he optical fiber ™° *° th * « phase di££er en=e 

ln the two modes accumulates an a ^ £ . rst 

of „ /2 , as discusse * J£ * b J m „aist 760 at the 
beam 720 converges to « tfaat the llght 

iocation of the first paging len di£ference between the 
accumulates an additional .£ ph« ^ The £irst 

two modes in accordance ^ „„ o£ the £ir st 

imaging lens 730 at the tQ be £oroe d as the 

M am 720 causes a second beam wax fliverges toward the 

fi rst .earn 720 first ph ase different 

first screen 732. M li9 „ t propagates 

between the two modes •~-* 1 £' to ^ seoond bean waist 
£ro m the first imaging ^ phase difference 

762 , and a further addi £rom the second 

j accumulates as the first beam pr P ^ a dditlOTal 

bea m waist to the first ««^J 3 ^ output en d 710 of the 
accumulated phase ""^^.J^een 732 is end the 

optical fiber 700 to BOdes ln the interference 

phase difference 732 is W« « hi=h " 

1S pattern on the ^ ~ ^ interference pattern on the 
bivalent to *0Vt- ™' ^ ^ near f le ld pattern at 
first screen 732 corr J? 700 . 
the output end 710 of the . the le „s 71,, 730 

It can be seen that by P ^ ^ ^ near £ield 

30 end 740 as "^^^^^L^Uld interference pattern 
interference pattern and the f ^ screen on the 

.. can be observed without having _« * „ ca „ £urth er be 

output end 710 of the displayed on the two 

seen that the ^'"f^^h respect to each other. 
35 screens are in ^ stem of rigure 15 with the 

Figure « illustrates the sy ^ ^ , 

first screen 732 replaced by a 
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second dete-Sor 772, positioned pKn Jg> 

722 The electrical outputs of the first and second 
detectors 770, 772 are provided „ ~ 
differential =, Ufier 778 that electrical 

r si r ai . cos * on a si9Mi iim ™ «-* 

Le 1 ln *" l0b " and «»• responsive "o 

the phase deference between the two modes i„ the tirs ^ 

beam 720. Similarly, the electrical outputs of the tUrd 
and fourth 7 74, 776 are provided as inputs to » 
« differential amplifier 782 that proves an e lec ^1 
output signal sin , on . sigMl x 7J4 ^ 

to the intensities in the two lobes and thus responsive to 

20 tZ , • of the electrical signals on the 

two lines are monitored to verify that the interfered 
patterns are in phase quadrature. 

»easureT e in 17 ^ -tput signals 

measured ln an experimental system constructed in 
accordance with Figure 16 . A first graph 7 36 represents 

stLT T lty , of the electrical ° utput - *L fL s : 

signal la. 780 from the first differential amplifier „s 

d iffere U ntilr r T tS ^ °° S ' Si9 " al *o th 

neff 7 n „ lntenSltir ° £ the "9»t in the two lobes of the 

30 LtensUy o/T^ * ««—*. the 

sianal ! , ele0trical signal on the second 

- anTth ^ fr ° m SeC ° nd «««ential amplifier 7 82 

and thus represents the sin , signal corresponding to the 
differential intensity of the light in the two lobes of the 
far field pattern. The horizontal axes of the two graphs 

»» represents the phase shifts caused by stretching £e 
epical fiber ,00. Th e vertical axis represent! 1 
intense of the output signals from the differential 
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(It should 
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b«hoted that the 
,„i fit snouxa tia^nuu 

amplify 778, 782. C shown . as . A c values- on-the 

% -«.„d«s of the. jtVQ. Signals.- are. s relati onships 
ampli.tudes^.Qi.,... the phase 

^ 786, 788 i» -^ e t0 BaxiBa o£ t he tvo signal,. Ho 
b etveen the "-^ ™ ended to be shown by *e 

DC intensity levels are i ^ 783 „«, 

vertical positioning = tb. t ^ ^ uhen th e 

respect to each otherO « toe near fl eld » at 

di fferential intensity «««'\' by a maximum « 

. maximum or -im— • dl «erential int.ns.ty 

minimum of the first ^ ; 86 ; s represent ed by the second 
o£ the li9ht in the far field. ^ Baxlloum or a 

Figure IS " lustrate * an 800 utilizing the present 
„ a ch-Zehnder ^fT* the interferometer 800 includes 
invention. *- illustrate d the input optical signal 

. light source 302 that end .10 of a first 
" ^ -r .» usfn, a focusing lens ( not 
single-mode optical f«> . manne r. 

shown,, or in another ^""^ fiber 812 has a second 
The first single-mode d on the first 

end 8U. X ^^Xr^ hetJeen the first end 310 and 
sl ngle-mode optica «*• « aireotional coupler 8,0 is 
tha second end 314 ™ nce uith U.S. Patent Ho. 

preferably constructed « * cc ° r dlre ctional coupler 320 
4,536,058, or an e^ent ^ ^ ^ , second 

couples the ^ has a ««* end 824 and 

single-mode optical no 

a second end 826. constructed so that the 

The directional couple M0 ^ optical fiber 

light propagating in the f«£ fl substan tially 

31 9 2 £rOT the light source 802 ^ ^ ligh t 

egually so that eppro X1 mately S P opt ical 
continues to percent is coupled to the 

fiher 812 and ™*°^\^J e22 to propagate therein, 
second single-mode optical 
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The portioWof the first singie-moW optical fiber 812 
ftHa-w ..«» directional , ouplat S20 comprlMs a r ^ 

sensing ar» 830 of the Mach-Zehnder interferometer 800, « 
the port lon of the second single-Mode optical fiber T22 
5 copses a se =ond sensing arm 832 of the „ acS ., ehn ^ 
erferceter 800. Po r example, one of the sensing arms 
S30, 832 can he positioned so as to be perturbed by a 
parameter to be sensed (e.g., temperature, acoustic 

10 r S T' Straln ' etC °' KhUe «» ° th " — i= Protege! 
X0 from the perturbation and thus serves as a reference Z 

Following the sensing arm 830, a mode selective 

oZTr* coupier 840 is *«- °° «- ««* sin g i;iiL 

8^0 1 • ^ "° ae SeleCtiVS «"=tional coupler 

840 comprises a two-mode optical fiber 842 which Z 

15 juxtaposed with the first single-mode optica! fiber 812 £ 
provide optical coupling therebetween. ta exemplary ^ 
selective directional coupler is describe . 
U.S. Patent No 4 828 „„ " de =«^, for example, in 
h« » f ■ ! 4 ' 828 ' 35 °- The two mode optical fiber 842 

has a first end 844 and a second end 846. The first end 
*0 844 of the two-mode optical fiber 842 is butt spliced "o 
the second end 826 of the second single-mode optical fiber 
822 at a splice 848. Preferahlw 
• , ■rrererably, the cores of the second 

single-mode optical fiber 8 22 and the two-mode optical 
fiber 842 are aligned at the splice 848 such that 

sta S " 9ht in the second 

-ngle-mode optical fiber 822 is coupled to the LP 01 mode 

ll llTTl ° PtlCal " bSr 8 « " In to eliminate 

842 a c \t " "° de ° f tM °- DOde fiber 

30 It \ POrtlan 0t the opticil fiber 842 between 

30 the splice B4S and the mode selective directional coupLr 

840 ls formed into an LPll mode stripper 850 which Is 
- "vantage ^ a several loops of the two-mode optica 

fiber 842 having a tight radius. 

35 select de " Crit>ed ±n U - S - PatEnt N °- "-"B,3 50 , the mode 
selective directional coupler 840 is constructed so that 
substantial!,, loo percent of the light in the first single- 
Bode optical fiber 812 is coupled to the LPll mode of the 
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A 3 * 0 ^fc-tiie second end. 

two - B oae OPt icF fU - •« ~ rrx* »oi.— - 

of the two-mode optical fiber *« ting ln «, L P 01 

optical £ ^er 8X2. ^ J„ comprises the H9" 

Jde two-mode optical fi ^ ^ 832 of the 

Mach-Zehnder mfcerre two _ mo de optical tiD 

8 42 comprises wach-Zehnder intent 

_ 830 of the Macn two-mode 
sensing arm 830 .. two modes of tae 

T he li*f propagating - ^ end ,46 has a relative 
ootical fiber 842 to *»» P accordance with the 

!f ase difference that vanes in ^ 830 , 

P perturbations applied to tn end 

difference perturo ra diatea from the 

a32 The combined light - 

*46« an output signal 852. M , quadrature 

As further illustrated in ^ nce with Figure 

p ,ase detector ..0. second end 846 of the 

ls positioned proximate t sl9nal s5 2 

^-mode optical fiber 842 to a ^ output 

aerate a first ^ The quadrature phase 

s i,nal that are in Phase ^aadratu ^ ^ 

Jector 860 comprises ^ con ^ ^ ^ ^ x 

zjrszz^ -jtr r first- 

Tetector 882 and a second to receive Ug« 

second detectors 882. 884 are P ^ ^ t „ 

in the upper and lover halves ^ detectors 

pattern. *» ° f t o a first differential 

P 882 , 884 are provided - J^f"^ sig nal on a signal 
amplifier 886 that *»v*~» » diffe rence in the 
line 888 that is "=I>° n " V * er halve s of the near field 
. «-f the upper and lower phase 
intensities of the P P ^ responsive to th 

radiation pattern 
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differenceTetween the light in the ^ and 
the near field. The output signal m ^ ^ £ * 
designated as the cos * for reference. 

5 SeCMd beam " 4 iS 111396,3 by * sec °" d Effing lens 

5 MO to form a far field reflation pattern which is incioe" 
onto a third detector 892 and a fourth detector 894 . The 
third and fourth detectors 892 , 894 are positionea 
receive u ln ^ ^ ^ ^ ^ ^ °- to 

» - h r r e :: n rs pa 8 :r; 94 The outsuts ° f «- « 

actors 892, 894 are provided as inputs to a 
second differential amplifier 896 

. , VAiIier 896 tft at provides an outmrt 

signal on a signal l ine 898 ^ is responslve ^ ^ 

deference in the intensities of the upper and lower halves 
of the far field radiation pattern and thus responsive to 
the phase difference between the light in the LP 01 and t , ° 
Modes at the far field. since the output signal on the 

output s ," 8 13 ^ Ph3Se ~ tU " With <~* 
output signal on the signal line 88 s, it is designated as 

The cos , output on the signal line 88 8 and the sin 6 
-tout on the signal line s 98 are provided as inputs to a 
processor soo (shown in phantom lines, which processes the 
TrlJ Sl9nalS ^ * ~tional manner and 

twf si , S reSP ° nSiVe t= tte «««en=e between Le 

two signals in the two sensing eras 830 , 832 in the 
interferometer 800. 

detect" " U1U " ratSS '«» — «f the quadrature phase 

95 T ^ 9 " 3 °° herent h ° DOdyne ~i=ation system 
950. The systen 950 co „, prises a sinjle . no . de optlcai » 

Via which an incoming optical communication signal is 
provided as an i npu t to the system 9 50 from a signal source" 

35 LI ?■ in dashed lines> - *• incomin9 "« * 

35 Known optical frequency. Voice or data information is 
communicated by phase modulating the optical communication 
signal at the signal source 954. 
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urates a local optical 
A local oscillator - J--- - — optical 
signal that operates at s comBunio ation signal. 

£r eguency - «» TTsclllator ^O is preferably a laser 
For example, the local ° s "" at ° output signal 962 that 
light source that proves a laser 

has a very narrow bandwidth. prov lded as an input 

The local optical signal 962 «P ^ The 

to a first end 964 of a ~~»j£%~r 966 1, aligned 
^st end 964 of the ^"^"^tor 960 so that 
wltb the output of **. i l ^ al sl9nal is coupled to 
all of trie locdx mode 

-%f - rr^^ ^ - 

«* two-mode optical 952 and the two-mode 

The single-mode optical fib ^ selectiv e 

optical fi^r 966 are forme* in ^ construc ted in 

dit ectional coupler 970 that « » 0 , as described 

a ccordance with U.S. Patent No ■ propagat ing in the 

a bove. « discussed above the g ^ ^ ^ 

single-mode optical fiber 9.2 is ^ ^ the Ug ht 

of the two-mode optical f optioal £iber 

propagating in the LPol o£ wo roode s have an 

966 remains in the »«1 --^ acco rdance with the 

optical Phase ""^"J ^^itted W ^ 

voice or data "™ and £ar field interference 
954 . Thus, the near ^ ^ tran smitted voice 

sterns will vary in accordance^ ^ p . 

or data information. The t ^ ^ radiated . 

second end 980 from which an outp fe ^ ^ adrature 

The phase information 1S in accord ance with 

phase detector S60- that ^ ^ture phase 

t nd operates in the same the elements of 

aetector 860 of Figure «• *" ^ „ een given the same 

the guadrature phase <*tecto^60 ^ ^ dascript ion is 

numbers as in Figure IS * ^ ptooessed in a 
a ppllcable. The cos ♦ and tn 
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processor 900'. The processor 90o~ P rovides an output 
sxgnal on a signal line 902' that represents the original 
voice or data information transmitted by the signal source 



954. 



While described above in connection with an exemplary 
interferometer and an exemplary communication system it 
should be understood that the passive quadrature detector 
of the present invention can be used in combination with 
other systems wherein it is necessary to determine the 
optical phase difference between two signals. 
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CLAIMS detectin9 a P^se difference 

Z An apparatus for ** charac terized by: 

betwee „ first and secon d op ical J 

a multi-mode optical fiber. ^ secQnd 

m eans for coupling one o Bulti . mode optical 

optical signals to a first mode of signal 
/ iber and the other of said ical fiber. sard 

to a second mode of sa.d mult, »° ods optical fiber 

tirst a „d second modes of sa ^ .„ respo nse 

interfering within sard « d ? said £irst and second 

to said phase £iber providing an output 

signals, said multi-mode „ « 

optical signal having an ««« * ^ optlcal 

slid Phase difference betwee - repres enting a phase 

signals , said intensi « secona mod es of sard 

difference between sard 

output optical signal. near -£ield intensity pattern 

— IT s^U; P-ern of said output 
that represents said 

optical signal; and f «-fieia intensity pattern 

P .eans for detects a f« near _ fiel d intensity 

that i, in quadrature » lth rn ^presenting a 

pattern, said far-field »^»»t second modes that 

phas e difference between said difference 
Offers by .0- ^^/^d modes of said output optical 
bet „ een said first and sec ° intensity pattern, 

signal represented by said near J ^ wherein a 

Th e apparatus as defined caused by the 

9 i. difference in said phase differe 

Guoy effect. defined in Claim 1. wherein said 

3 The apparatus as defined ln tes p e ctive 

fir* and second optical srgnals pr P 9 ^ saia phase 

first and second P^£ f £^. in the propagation path 

""Tor sirrstrd second propagation ^ 
lengths of saia 1 ,,-ftned in Claim 3, wnere 

The apparatus « «^ cQmprise first and second 
first and second propagate paths 
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arms of a Mach-Zehnder interferometer. 

5. The apparatus as defined in Claim 3, wherein said 

first and second paropagation paths comprise first and 
second spatial propagation modes of an optical fiber. 
6- The apparatus as defined in Claim 1, wherein said 

first optical signal is characterized by a communication 
signal having a known optical frequency, said communication 
signal representing information by shifts in the phase of 
sa ld first optical signal, wherein said second optical 
signal comprises an optical signal having an optical 
frequency substantially equal to said known optical 
frequency, and wherein said output optical signal has an 
intensity pattern that is responsive to said shifts in the 
phase of said first optical signal. 
7- An apparatus, characterized by: 

an interferometer having an output for producing an 
output signal; 

a detection device for quadrature phase detection of 
said output signal, said detection device including first 
and second detectors positioned to detect said output signal 
at first and second locations, respectively, said first and 
second locations relatively positioned to provide a Guoy 
Phase shift of NW2 (where N is an odd integer) for said 
output signal at said first and second detectors, 
respectively. 

8. A method of sensing, comprising.' 

interfering two optical signals; 

detecting interference between said signals at first 
and second locations so as to provide first and second 
output signals (cos , , sin/) having a phase difference 
therebetween which is independent of the interference 
between the signals; and 

35 „■« selectin 3 the locations such that said phase 
difference is fixed and insensitive to environmental 
influence . 

9- The method of Claim 8, wherein said selecting step 

comprises selecting said first location to be at a near 
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.^t- an d selecting said 
*• ia oattern of the optical signals optic al 
field pattern field pattern of tne op^- 

second location to be at a far 

signals. in said selecting step 

5 10. The method to proV ide a Guoy 

comprises selectxng the two locations . 

ef f ect phase shift between t h * ^ ^ 

xl . The method of Claim o, 

is 90 degrees. 

10 12 . An apparatus M an optical output 

a \ i t e " "sponsive to interference -.ween 
signal which is res ? 

interfering^^f- ^ tectin? said optlcal output 

15 signal; and detecting said optical output 

. second detector for detec J ^ 

signal, said first and ..con « ^ detector is 

that said optical output signal ^ at 

shifted in phase relative * difference between 

20 said first detector to provide ^ph ^ £aid 

said optical output signal « > ^ or , sai d first 

optical output srgnal at that said phase 

and second detecto rs being t „ environmental 
difference is staoie 

25 influence. wherein said phase 

The apparatus of Claim ^' 

■ caused by a Guoy effect phase shift, 
difference is caused by whe rein said first 

14 . The apparatus of ° 3 ^ pattern of said optical 

detector is f^^^^Jc is disposed in a far 
30 output signal and said secon 

fi eld pattern of said optical output^ said 

15 . The apparatus ° two - mo de optical fiber, 
interferometric device <^ r " eS 12 , whe rein said 

16 . The apparatus o£ ^ osci iiator which 
35 interferometric device comprise at ft 

adulates the phase of one of said 

predetermined frequency ^ said first and 

17 . The apparatus of Claim 
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second detectors generate first and second detector signals 
(cos/, sin/) which are in phase quadrature, and wherein 
said interferometric device comprises a processor for 
processing said detector signals (cos/, sin / ) to measure 
said interference between said optical signals. 

18. A method for detecting light output from an 
interferometer, said method comprising: 

detecting said light at plural locations; and 
utilizing the Guoy effect to produce a phase 

difference between light at said first location and light at 

said second location. 

19. The method of Claim 18, wherein said phase 
difference is an off multiple of <rf/2, and said detecting 
step comprises generating detector signals (cos/, sin/), 
said method additionally comprising the step of processing 
the detector signals (cos/, sin/) to measure changes in 
said light. 

20. The method of Claim 18, wherein the detecting step 
comprises (a) splitting the light into plural beams, (b) 
directing the plural beams on to plural detectors, 
respectively, and (c) arranging the detectors such that one 
is in a near field pattern of said light and another is in a 
far field pattern of said light. 

21. An apparatus for detecting a phase difference 
between first and second optical signals substantially as 
hereinbefore described with reference to the accompanying 

—drawings. 

22. A method for detecting a phase difference between 
first and second optical signals substantially as 
hereinbefore described with reference to the accompanying 
drawings. 
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